Metallic and semiconducting carbon nanotubes generally coexist in as-grown materials. We present a gas-phase plasma hydrocarbonation reaction to selectively etch and gasify metallic nanotubes, retaining the semiconducting nanotubes in near-pristine form. With this process, 100% of purely semiconducting nanotubes were obtained and connected in parallel for high-current transistors. The diameter-and metallicity-dependent "dry" chemical etching approach is scalable and compatible with existing semiconductor processing for future integrated circuits. C arbon nanotubes have shown promise for future electronics (1-6). However, a major roadblock to the scaling up of single-walled carbon nanotube (SWNT) fieldeffect transistors (FETs) has been the difficulty in obtaining purely semiconducting SWNTs (S-SWNTs) without electrical short by metallic SWNTs (M-SWNTs). Parallel S-SWNTs are necessary to enable high-current and highspeed nanotube FETs to surpass modern silicon devices. Various approaches have been developed for selective synthesis of S-SWNTs (7, 8), electrical breakdown of M-SWNTs (9, 10), solution-phase chemical separation (11, 12) and selective chemical modification (13)(14)(15). For large-scale circuits, much remains to be done to achieve full semiconductor yield, high scalability of metallic SWNT removal, optimum nanotube diameter and length, and highly preserved electrical properties of SWNTs.
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Here, we demonstrate a methane plasma followed by an annealing process to selectively hydrocarbonate M-SWNTs and retain S-SWNTs grown on substrates. The retained S-SWNTs are free of covalent alterations, are stable at high temperatures, and exhibit electrical properties similar to pristine materials. The distribution of diameters of the S-SWNTs is narrowed down to a window (~1.3 to 1.6 nm) that provides sufficient band gaps for high on/off ratios and allows for good electrical contacts (16) , both of which are important in high-performance electronics. The dual effects of selective metal removal and diameter distribution narrowing combined with compatibility with microfabrication technology make the method promising for large-scale SWNT electronics.
We first fabricated an array (Fig. 1A) of 98 "few-tube" electrical devices on SiO 2 (67 nm)/Si (as back-gate) (Fig. 1A , bottom) substrates, with each device comprising 0 to 3 as-grown SWNTs [by patterned chemical vapor deposition (CVD) growth (17) at 800°C] bridging source-drain (S-D) Ti/Au electrodes (S-D distance~400 nm) (Fig. 1A) . The particular CVD recipe produced SWNTs in a broad diameter (d) range of d = 1 to 2.8 nm, measured by atomic force microscopy (AFM). About 55% of the asfabricated devices (out of 244 measured on six chips) were found to be "depletable" (D) by sweeping gate-voltage with on/off conductance ratios ≥10
3
. These were devices fortuitously composed of one or multiple (two or three) asgrown S-SWNTs. The other 45% of the devices contained at least one M-SWNT (with or without S-SWNT) and were "nondepletable" (ND) with on/off ratios ≤10.
We treated hundreds of as-made few-tube device arrays by exposure to a methane plasma at 400°C, followed by 600°C annealing in vacuum in a 4-inch quartz-tube furnace equipped with a remote plasma system (18) . The use of methane plasma instead of hydrogen plasma was found key to selective M-SWNT etching because of milder reactivity and higher controllability. After the treatment, the percentage of depletable devices increased from~55% (out of 244) to~93% (out of 78 that survived), with only a few nondepletable devices remaining ( Fig. 2A) , indicating that selective removal of metallic SWNTs over semiconducting ones was occurring.
We observed five different behaviors with the 244 few-tube devices after the treatments, including ND→D (i.e., non-depletable became depletable,~10%) (Fig.  1B) ; D→D (20% remained depletable) (Fig.  1C) ; ND→ND (2%) (Fig. 1D) ; ND→LOST (34% became electrically insulating (Fig.  1E) ; and D→LOST (34%) (Fig. 1F) . In all ND→D devices, AFM revealed at least one (metallic) tube etched into pieces or nearly removed from the substrate and the existence of fully intact S-SWNTs (Fig. 1B, inset) . Intact tubes were observed in ND→D and D→D devices (Fig. 1, B and C, insets) , respectively, and etched tubes were observed in the LOST devices (Fig. 1,  E and F, insets) .
The semiconducting SWNTs in D→LOST devices (with only S-SWNTs) were "miskilled" by the plasma treatment. Notably, we found that these devices when as-made all exhibited low on-state conductance (G <~5 mS) (Fig. 2B ) and were composed of predominantly small-diameter S-SWNTs with d ≤ 1.4 nm (Fig. 2E) , as revealed by AFM. The low on-conductance was consistent with smalldiameter, large band gap (E g~1 /d ), high Schottky barriers at the metal-tube contacts, and thus with high resistances (16) . The surviving semiconductor D→D devices mostly exhibited higher conductance (Fig. 2C ) and contained larger-diameter (d ≥ 1.4 nm) tubes observed by AFM (Fig. 2G) . These results showed that small-diameter S-SWNTs were selectively etched over large S-SWNTs. On the other hand, analysis of the ND→LOST devices (with M-SWNTs) found a wider span of conductance (Fig. 2D) , with tube diameters mainly in the range of 1 to 2 nm (Fig. 2F ). This suggested that metallic SWNTs with small and medium diameters (d < 2 nm) were all etched in the ND→LOST devices. For the few ND→ND devices remaining, we imaged all tubes in these devices and always observed the existence of large tubes (d >~2 nm) ( Fig. 2H and Fig. 1D , inset), suggesting that large metallic tubes could survive the plasma. Taken together, our data revealed that in the small-diameter regime (d ≤ 1.4 nm), M-and S-SWNTs were etched nondiscriminately (Fig. 3A) . In the mediumdiameter regime (d~1.4 to 2 nm), M-SWNTs were selectively etched/removed over semiconducting ones. In the large-diameter regime (d > 2 nm), both M-and S-SWNTs were not etched by the plasma (Fig. 3A) .
Etching of SWNTs in the methane plasma is attributed to hydrocarbonation, with SWNTs irreversibly etched (19) into hydrocarbon gas species as a result of reactions with neutral and positive ions of H and CH 3 species in a methane plasma (20) . The results above show that diameter is an important factor for the chemical reactivity of a SWNT toward hydrocarbonation. Smaller-diameter SWNTs are preferentially etched over larger ones because of the higher radius of curvature and higher strain in the C-C bonding configuration, as in other chemical reactions [e.g., oxidation (21)] of SWNTs. In the small-and large-diameter regimes, respectively, SWNTs are either etched or unaffected without selectivity over metallicity (Fig. 3A) . In the medium-diameter range, metallic tubes are selectively etched over semiconducting ones (Fig. 3A) . This is consistent with first-principles calculations (22, 23) that the formation energies of same-diameter S-SWNTs are lower than M-SWNTs because of the electronic energy gain resulting from the band gap opening (22) and the higher chemical reactivity of M-SWNTs due to more abundant delocalized electronic states (23) . The difference diminishes for SWNTs with large diameters (22) , consistent with reduced chemical etching selectivity seen here for large tubes. It is notable that the window of selective M-SWNT etching is small and exploitable only with methane plasma treatment. With pure hydrogen-generated plasma, we observed diameter-dependent etching (19) but failed to etch M-SWNT selectively and enrich depletable nanotube FETs. Pure hydrogen plasma appeared too reactive to control experimentally, causing nondiscriminating etching effects.
Covalent chemical groups on nanotubes cause sp 3 hybridization (tetrahedral bonding) and degrade electrical properties and device performance. We carried out infrared (IR) spectroscopic experiments with ensembles of SWNTs to check the chemical effects of our treatment. After the 400°C methane plasma treatment step, we detected IR vibrational modes that can be assigned to covalent C-H x groups (24) on nanotubes at either sidewalls or ends (Fig. 3 , B and C). These species vanished upon 600°C vacuum annealing, indicating the elimination of covalently bound groups through demethylation and dehydrogenation. Thus, the 600°C annealing step ensured that the semiconducting SWNTs in the final FET devices were free of covalently attached species. This is further evidenced by retained electrical properties of nonetched S-SWNTs (18) (Fig. 1C and  fig. S2 ).
Next, we showed that our method is reliable and can provide a 100% yield of semiconductors in an ensemble of SWNTs. For demonstration of FETs with large numbers of S-SWNTs in parallel, we fabricated arrays of micro devices (Fig. 4, A and B ) with 40 to 50 CVD-grown SWNTs bridging S-D electrodes (channel length~700 nm) on SiO 2 (67 nm)/Si substrates. The catalyst islands and electrodes widths were designed to be~100 to 200 mm for growth and for wiring up large numbers of tubes (Fig. 4A) . We optimized CVD growth by lowering the growth temperature to 750°C to produce SWNTs with diameters predominantly in the 1-to 1.8-nm range. As-made devices were all nondepletable, with negligible on/off ratios due to metallic tubes (Fig.  4C , black curve). After our treatment steps, all devices exhibited improved on/off ratios, affording FETs with on/off of 10 4 to 10 5 at V ds = 1 V (Fig. 4C , blue curve) and high oncurrents (I ds~1 40 mA at V ds = 2 V) (Fig. 4D) . AFM revealed~20 intact semiconducting SWNTs in parallel in such devices (together with residues of etched M-SWNTs) (Fig. 4B ) without any metallic short (a single M-SWNT mixed with~20 S-SWNTs would degrade on/off to~10). The properties of our macro-FETs (on-current,~5 to 7 mA per tube) are comparable to the best~700-nm-long channel devices of similar diameter (~1.4 nm) S-SWNTs in asgrown forms (16) . Multitube FETs were reproducibly obtained with large numbers of devices ( fig. S3 ) (18) , providing strong evidence for the effectiveness of our method.
Our present work focuses on only one of the ingredients needed for eventual manufacturing of nanotube electronics. Other important elements are still required, including assembly of SWNTs in a closely packed manner on wafer substrates. Hydrocarbonation etching can then be used to permanently remove metallic tubes from the wafers, which will then reduce the packing between the retained S-SWNTs. This reduced packing will be acceptable and could favor electrostatics gate control over SWNTs in the assembly (25). Our gasphase reaction can be easily integrated into fabrication processes and is advantageous over wet chemical treatments, as the latter tend to involve excessively short SWNTs caused by sonication, too-small-diameter tubes in the starting materials, or covalent groups remaining on the SWNTs. The starting nanotube materials for future electronics should have diameters of 1.3 to 1.6 nm, beyond which the nanotubes will be too small for high performance or too large to attain pure semiconductors. An important benefit of narrow-diameter distribution (~1.5 nm) is that fewer SWNTs (up to about one-third, which is the metallic fraction) will need to be etched or sacrificed. Thus, with suitable starting materials and advances in assembly and selective-etching chemistry, a road map can be envisioned for manufacturable nanotube electronics. are assigned to C-CH 3 , C-H or C-H 2 , and C-H 2 , respectively, covalently attached to the C atoms on nanotube ends and/or sidewalls. These peaks vanish after annealing. (C) A schematic of the possible chemical groups on a SWNT after the plasma step. A recently published theory has suggested that a cloak of invisibility is in principle possible, at least over a narrow frequency band. We describe here the first practical realization of such a cloak; in our demonstration, a copper cylinder was "hidden" inside a cloak constructed according to the previous theoretical prescription. The cloak was constructed with the use of artificially structured metamaterials, designed for operation over a band of microwave frequencies. The cloak decreased scattering from the hidden object while at the same time reducing its shadow, so that the cloak and object combined began to resemble empty space.
A new approach to the design of electromagnetic structures has recently been proposed, in which the paths of electromagnetic waves are controlled within a material by introducing a prescribed spatial variation in the constitutive parameters (1, 2). The recipe for determining this variation, based on coordinate transformations (3), enables us to arrive at structures that would be otherwise difficult to conceive, opening up the new field of transformation optics (4, 5) .
One possible application of transformation optics and media is that of electromagnetic cloaking, in which a material is used to render a volume effectively invisible to incident radiation. The design process for the cloak involves a coordinate transformation that squeezes space from a volume into a shell surrounding the concealment volume. Maxwell's equations are form-invariant to coordinate transformations, so that only the components of the permittivity tensor e and the permeability tensor m are affected by the transformation (5), becoming both spatially varying and anisotropic. By implementing these complex material properties, the concealed volume plus the cloak appear to have the properties of free space when viewed externally. The cloak thus neither scatters waves nor imparts a shadow in the transmitted field, either of which would enable the cloak to be detected. Other approaches to invisibility either rely on the reduction of backscatter or make use of a resonance in which the properties of the cloaked object and the cloak itself must be carefully matched (6, 7) .
It might be of concern that we are able to achieve two different solutions to Maxwell's equations that both have, in principle, the exact same field distributions on a surface enclosing the region of interest. Indeed, the uniqueness theorem would suggest that these two solutions would be required to have the exact same medium within the surface. The uniqueness theorem, however, applies only to isotropic media (8, 9) ; the required media that result from our coordinate transformations are generally anisotropic. Such media have been shown to support sets of distinct solutions having identical boundary conditions (10, 11) .
The effectiveness of a transformation-based cloak design was first confirmed computationally in the geometric optic limit (1, 5) and then in full-wave finite-element simulations (12) . Advances in the development of metamaterials (13) , especially with respect to gradient index lenses (14, 15) , have made the physical realization of the specified complex material properties feasible. We implemented a twodimensional (2D) cloak because its fabrication and measurement requirements were simpler than those of a 3D cloak. Recently, we have demonstrated the capability of obtaining detailed spatial maps of the amplitude and phase of the electric field distribution internal to 2D negative-index metamaterial samples at microwave frequencies (16) . Using this measurement technique, we confirmed the performance of our cloak by comparing our measured field maps to simulations.
In both the cloaking simulations and the measurements presented here, the object being cloaked is a conducting cylinder at the inner radius of the cloak; this is the largest and most strongly scattering object that can be concealed in a cloak of cylindrical geometry.
For the cloak design, we start with a coordinate transformation that compresses space from the cylindrical region 0 < r < b into the annular region a < r′ < b, where r and r′ are the radial coordinates in the original and transformed system, respectively, a is the cloak inner radius, and b is the cloak outer radius. A simple transformation that accomplishes this goal is
where y and z are the angular and vertical coordinates in the original system, and θ′ and z′ are the angular and vertical coordinates in the transformed system. This transformation leads to the following expression for the permittivity and permeability tensor components
Equation 2 shows that all of the tensor components have gradients as a function of radius, implying a very complicated metamaterial design. However, because of the nature of the experimental apparatus, in which the electric field is polarized along the z axis (cylinder axis), we benefit from a substantial simplification in that only e z , m r , and m y are relevant. Moreover, if we wish to primarily demonstrate the wave trajectory inside the cloak, which is solely determined by the dispersion relation, we gain even more flexibility in choosing the functional forms for the electromagnetic ma- For few-tube-devices, arrays of relatively small 5×5 µm catalyst island pairs (nominally ~1Å cobalt film whose thickness was monitored by quartz crystal thickness monitor; 10 µm spacing to each other.) were patterned on SiO2/Si. The substrates with patterned catalyst arrays were calcined in air at 500°C for 30 minutes to burn any photo resist (PMMA) residue used in the patterning step and then heated up in hydrogen to 800°C.
Alcohol CVD growth was carried out using a gas mixture of Ar (200sccm) and ethanol (300sccm) vapor (generated from a alcohol bubbler maintained at -8.9°C by passing through a 300sccm forming gas). The growth temperature was 800°C and the total CVD lasted for 10 minutes. The ~1Å Co film catalyst and 800°C produced nanotubes with diameters in the 1-3nm range as revealed by AFM measurements of about 100 nanotubes. Fig. 4 . These devices illustrate the reproducibility of our method in obtaining such devices. As-made devices were all ND (non-depletable) with negligible on/off ratios due to metallic tubes. After the treatment, all devices exhibited drastically improved on/off ratios and about 1/3 of the devices become depletable with on/off ratio higher than 
